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$P-100 ATTITUDE OONTROL PATHFINDER STUDY

F. O. Eke, S. H. Graff, R. A. Laskln, P. A. Swan

ABSTRACT

This report delineates the scope of Xet Propulsion Laboratoryes FY'83 effort

in the attitude control area in support of the SP-100 pros_am. Dynamic

modelin8 of the baseline.beam configuration has been conducted and is

presented herein, As a first cut, the beam is treated as ri$i;_ Its inherent

flexibility is then integrated via the hybrid coordinates method. Usins the

resulting dynamical equations, a p_l.:minary look at attitude control is

taken. Only one axis of rotati_., _ a_.: J:se flexible mode are included. An

alternative to the beam co-.._._.._...t_ion is one that envisions connectinB

basebody to user via a ions, ?._shtweisht, flexible tether, A literature

search has been conduc:_d in this area and the resulting bibliography is

presented. Th_ _.ethe_. option is not considered viable near term. However, it

offers several _otentially significant advantages and thus deserves serious

consideration for the next generation space power system.

This report also treats attitude control constraints imposed by the hish

temperature and radiation environment and addresses the issue of hardware

requirements and availability.

Recommendations for FY'$4 tasks include assembling and exercising a

simulation program for the beam configuration dynamic model and conducting a

technology assessment in the area of tether dynamics and control.
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I. IN'X_ODUCTION

Abundant electrical power is a vital insredient in our progress in

space. This power is needed for larje communication and naviBation

satellites, space stations, and exploration of the solar system.

The SI_-100 nuclear space power system is nominally a 100 kWe power source

for applications which require hish power and Ions life, The preliminary set

of requirements calls for continuous power delivery for a period of soven

years.

SP-100 requires an attitude control development to insure proper

utilization of the current and future technolosy. Total intesration of all

the system components by _PL requires a desisn concept for each sub-system

which can be used to compare, critique, and assess contractor inputs. The

SP--100 challenses and opportunities for attitude control analy_" _ _lude

hish reliability, hish radiation levels, larse temperature variations, Ions

lifetimes, unusual vibrations from rotating and reciprocating machinery, and

unique user requirements.

This study assessed the technology available for the baseline in the

areas of articulation and deployment and dynamics and control of beams (with

beam baseline of 25 meters), attitude control constraints, and finally the

hardware commonality. An additional look at the concept of tethers, as a

potential technology for the future, enables the program office to better

assess the proposals of the contractors. The final conclusions and

recommendations fill out the study witL ideas and rationale for the future

program office efforts.



II. BEAMDYNAMICSANDOONTRQL

The SP-IO0 system nay be visu•lized, as shown inFis. 1, as two bodies

B I and B 2 eonnected by s flexible truss B3, and in orbit •round the earth.

B 1 is the power sone_•tin8 unit and Lay Or Lay not be more massive than B 2-

Dependin8 on the precise type of power seneration system adopted, B1 may carry

rotatins or reciprocatins m•chinery •s well as workinj fluids.

The aln of the study reported here is to develop an acceptable

mathematical model for the SP-100 system and to identify potential problems

related to the •ttltude dyn•mlcs and control of the system.

II.A. _iaid Body Formulation

II.A. 1 General Confisur•tion

As • first step in the modeling of the SP-IO0, the s-stem will be

assumed to comprise two risid bodies B 1 and B 2 connected by • risid rod B3,

as shown in Fla. I. m i and _i represent respectively the mass of body B i,

and the inertia dyadic of body B i for its center of mass C i-

The ansular momentum of the system may be written as

li- (_I+_+13) • _ + _ m/_ i • (J/xXi) (1)

where II is the ansular velocity of any of the bodies, and J_i is the position

recto= of C i with respect to the center of mass C of the whole system. If

one lets

then

]i-_. _+ _ s_i • ("_i) (3)
and

or

= I • _ ÷ IL • I • _ + _'_mi(-_ix(Xi_)--ix[£iz(£ix_)])

(4)

(5)

If natrlz formulation is desired, the unit vectors £1, _L2, £3' are written as

• vector array

4
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and matrices H, w, rl, and I i are defined as follows:

II = (Ixlyaz) _ " (a} T_

" (e x ey _z)

£1 = (ix £y Jz)

and

_y = {£)Tm

fly] " (,D)Trt
riz]

[Iiz I_ixy Iixzl

II" lIi. I_ly.l
_Iixz Iiyz Izz J

(6)

(7)

(8)

(9)

(10)

The matrix equivalent of equation ($) then becomes

where the tilde (-) stsn implies the cross operator; for example

= w z 0 -_x
y Wx

Definlns

I} = i i - mi'_i_i (12)

and

I. - II + li+ II (13)

Eq. (11) could be written in the more compact and familiar fo.rm

II - I'w + GII'w = M (14)

where M is a column vector whose elements are the components of the moment

about the system mass center C of the resultant force on the system.

Equation (14), supplemented with appropriate kinematical equations and

control equations, may be used for the simulation of the motion of the
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system.

II.A.2 Symmetric Confijuration

Real ensineerin$ systems of this type usually possess some amount of

symmetry. In the specific case of $P-100, it is not unreasonable to assumep

for example, that the axis of the rod B 3 passes through all mass centers, and

that lines parallel to £1, £2, and £3 are centroid•l principal axe• for each

of the bodies. The equations of motion in this case still have the form of

equation (14), however, the expression for I* is much simpler. For three axis

stabilized systems, like the SP-100, it is customary and reasonable to

further assume that _t is small so that the _I*@ term in equation (14) d_ops

out, leadin8 to the simple decoupled equations

_0x = Mx/I x

'_z = Mz/Iz

(15)

II.B ]_lexibilitv Considerations

II.B.1 Model Description

Once the risidity assumption of the previous section is d_sca_ded, one

immediately runs into the difficulty of modelins a system which now includes

a flexible beam between two risid bodies. Several approaches to the analysis

of flexible vehicles are treated in references [2] throush [$]. When the

ultimat_ •is is to arrive at equations of motion for computer simulation, the

dynamical equations must be amenan•ble to • form (throush appropriate

coordinate tran sforzation) that facilitates coordinate truncation so that

system deformation may be represented by a finite number of Umodal n

coordinatsSo

The approach adopted in this study is the hybrid coordinate method of

Likins [2]. This method is most useful when portions of an otherwise risid

vehicle nnderjo deformations that may be reasonably assumed to remain

U•mall. e For an efficient use of the above method, the SP-100 is modeled, as

• hewn in FiB. 2, •s • risid body B 1 with • linearly elastic flexible

appendase A. B 1 is taken to be the more massive of the two end masse| of the

real system, and the other end mass toRether with the flexible beam
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oon_tltute the. appondase. A. Should B2be the lar$er mass, then it wouldbe.

reaarded as rIsid and the remainder of the system considered as a flexible

appendese.. The next step is the derivation of equations of motion for the

system Just described, and this viii be done by derlv£n8 the equations of

motion for each appendaje and then supplementinj these with .the equations of

motion of the whole system viewed as a unit.

II.B.2 Appendase Equations

Consider the system in some jeneral confijuration depicted in Ftj. 2.

The appendage A undersoes "small" deformations relative, to the base B1. while

the motion of B 1 is arbitrary, A is now idealised as a collection of n

elastically interconnected discrete risld sub-bodies, A s beins one such sub-

body. Dampin$ is isnored at this point; it wll be incorporated in the model

at a later 8tase with the introduction of modal coordinates. The dotted

lines in FiS. 2 show the position of A before deformation; point 0 is fixed

in inertial space, S s i8 the system mass center, and 0 t is the location of S e

when the system vas undeformed, and is therefore fixed in B1.

For the sub-body A s.

vhere F s is the resultant force on A s , m s is its mass. and Us is the position

vector of the center of mass of A s relative to 0. On the other hand, it is

clear from the fi_e that

U s = _+ C+ R÷ £s + us (17)

where

X is the vector fro_ 0 to S •

is the position vector of 0 w relative to S e

is the vector fro_ 0' to a point Q fixed in BI

Xs vector $oes from Q to the location of the mass center of

As in the undeformed confisuration, and

Us is the position vector of the mass center of A s relative

to its location in the undeforned coufisuration.

Hence

Column matrices X, C, R, r s, and u s are now deflned as follows

(18)
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I"I]x 2 - C,}TX
X3

Ca - chlTc
S

R2 - chlTR
3

rsl_
s2[ " (_}Trs

LrsSJ

i,']
:21= {_}Tns
s3J

It then becomes possible to write Eq. 18 in matrix form as

F l = m I _+_+2_C+{_(C+It)-(_+_)w-(Ts+_s...)_+aW(rs+U 8)

+2_us+_ s ]

where _ is the transformation matrix between the, and b bases $1von by

(,,tl T = (b)T ®

(19)

(20)

(21)

(22)

(2S)

(24)

(25)

The matrix C represents the motion of the system mass center in B1, and may

be shown to be given by

C = - _ #sUs (2'7)

where Ps = ms/(_ ms) (28)

Equation (27) and its time derivatives may be substituted into equation (24)

to I ire

Fs = ms[®i + Us-_ _kUZ÷ 2_(Us -_'_kuk) - (lt+_s)_ + _(us - _. _kuk)
+ Ii_(R+rdUs-_-:. #kUk)] (29)

The equations of rotational motion of A s are obtained by equatin$ the

resultant external torque on A s to the time rate of chanse of its inertial

angular momentum. Since the rotation of A s relative to B 1 is due only t_

Wsmall n structural deformations, this rotation can be represented by the

vector

_s " PsX]U + Ps_ + PaSha (3o)

I0



where P'sl, Ps2tPs$ are three ambles of :otation •bout the orthojonaX •xes ]ll,

]12, ]13. Hence, the •nlular velocity n•trtz Ws of A s t•kes the form

u s - m + (h) T _s (31)

Finally, the equations of attitude motion of A s can be put in the fern

T 8 = Ia(_+_s) + [Is_+l_Is-(Is_)]_s+_Isw + [Ie_-(

whe:e

T s is the resultant torque matrix

and I s is the centroidal inertia matrix of A s •

For • three-axis stabilized system, equations (29) and (32) cry be lir.earized

in w, they then reduce res l_ctively to

ms(_ s -_ PkE_) - -ns_])_ + (R+Ts)_ + F s

and

Zs_ s--zs_+ Ts

(3S)

(34)

II.B.3 Vehicle Equations

Equations (33) and (34) are not sufficient for the complete description

of the motions of our system. They will now be supplemented with the

dynamical equations of the whole vehicle.

The vehicle tzanslationaI equation is

Y..= ma.a* (35)

where F is the resultant external force on the whole vehicle, m is the total

mass, and & se is the acceleration of the system mass center. The matrix form

of equation (3S) is

and the rotational equations for snail w can be written in the compact form

T- •R)":. +13 +I:
where Ie is the inertia matrix of the undeformcd vehicle for the point 0 e of

Fijure 3. A comparison of Equations (15) and (3"/) indicates that the effects

of beam flexibility are contained in the last th:ee terns on the risht hand

side of Equation (37). Equations (33), (34), (36), and (37) form a set of

6=.+6 scalar equations with X,_, w, u s and _s (6n+9 in number) as unknowns.

And tosether with • sot of kinematical equations relatihs_ and w, and

control equations, they are sufficient for the simulation of the notions of

the System.

ll



II.B.4 Modal Truncation

The difficulty with the equations mentioned above is simply their

dimension due mainly to the appendaIe equations whoso number is directly

proportional to n. The objective in this subsection L• to attempt a

reduction of the dimension of the equations of motion thtoush some type of

coordinate truncation. This naturally involve• the in_roduction of a linear

tran•fornatlon for at least some of the variables, and this transformation

must |Lye rise to decoupled equations so as to permit valid truncation.

Hero, such a transformation is applied to the appendase deformation

coordinates only. First, the appendase deformation coordinates are orsani_ed

into a coordinate matrix q defined a•

Because the appendase equation• (33) and (34) are linearized in the

deformation coordinate• u s and _•, these equations can be written in matrix

form as

}/'_ + D'_ + K'q - L' (39)

By Inspoctlon of equation• (33) and (34), it becomes evide_ _- that M' i• •

constant symmetric matrix. F s and T s in equations (33) and (34) include

structural interaction forces end torques between neishborinS sub-bodies of

A. These interactions may be visualized as linearly elastic and viscous

forces and torques that are proportional to the deformation and deformation

rates. Hence D ° and K e are also constant matrices; all the dampin$

coefficients So into IF and all the stiffnesses 8o into ][0 L' depends on_,

X, and the external applied forces and torques that may appear in F s and T s,

Classical modal analysis techniques can be applied to our system by

first isnoring damping and considering

%'_ + K'q " L' (40)

This leads to the choice of the noz_nal-_ode transformation

q . ¢_ (41)

which in turn transferee equation (39) in$o

+ 2_ml + a2_ - cTL' (42)

where _ Is the column natxlx of modal coordinates, a and _ arc diagonal

matrices of natural frequencies and dampin8 ratio, and ¢ is the modal matrix,

12
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_nations (42) are now decoupled and may be truncated to a convenient sial

If _ is the truncated form of q, the appendage equations now take the form

Depending on the numbs= of "nodes" retained, this truncated form of the

appendage equations, together with the vehicle equations could constitute a

much smaller set of dynamical equations, and therefore much cheaper to

integrate on a computer,

TIoC Effects of Rotatina and/or ReciDrocatine Machinery

II.C.I Rigid Formulation

The addition of a rotating element to one of the mai_L bodies of the

system introduces a slight change in the equations of attitude motion, For

example, let us examine the case of Fig. 1 where the connecting rod between

B 1 and B 2 is assumed to be rigid, and body B 1 contains a rotor. If this

added rotor is axisymmetric, then B 1 is a gyrostat and the system angular

momentum is augmented by a term h which represents the angular momentum of

the rotor relative to the basebody B 1. Equation (15) then has the matrix

form

which now includes •"gyroscopic stiffness" term.

• xilymmetric rotor in B1 does affect vehicle motion.

(44)

_lence, the motion of an

The importance of this

effect depends on the inertia of the rotor, and its spin rate relative to the

basebody BI° If the rotor mass center is offset from the spin axis, the

8ystemts dynamics is further complicated by the appearance of new terms

involving this offset,

II.C.2 Flexible Body Fozlnulation

In the case of • flexible beam, the presence of a rotor on body B 1 can

affect both the appendage equations and the vehicle equations. The appendage

equations can only be affected through the column vector C (see Bq. (24))

which represents the motion of the system mass center in body B 1. If the

rotor ia axisymmetric, then the location of the system mass center is not

modified by the motion of the rotor, and hence, the appendage equations

remain unchanged. This means that the procedure and results of the

13



coordinate matrix truncation _ro unaffsgted by the motion of a symmetric

rotor in B1. However, the vehicle equations ¢hanse slishtly because the

expression for the angular momentum of the system ts modified by the presence

of the rotoz. The vehicle equation of rotational notion becomes

T- + ,;- +)":. (4s)
The first tern on the rijht hand side of !_. (45) is the :ijid body term. It

is the only term that would remain if the whole system were one timid body.

The second and third terns are due to the p_esenco of the rotor, and the last

three terns are contributions from the system's flexibility.

If the rotor mass center is not located on the epin axis, the rotoz's

motion wlll affect the location of the system mass center. That is, the

appendage equations will be impacted through the C matrix_ and the nodal

analysis technique used above breaks down because D' and K_ are no lonser

constant me trices.

II.D Control System

Since our system is three-axis stabilized, the elements of the matrix w

are smallp and _e can let

where e = [01 _2 03 ]T

and Ol, 02, 03 are vehicle rotation angles.

point of view, is limited to e, it will be necessary to display clearly the

relationship between the control torque T and the rotation angle O. As a

simple example, we consider the case of neglijible external force and torque

on the appendage. System equations may then be reduced to

and _'+ 2_o_ + a2_ - 63

The Laplace transform of these equations yields

T(s) - s21eO(s) -6Ts2_(s)

and s2_q(s) + 2s_o_(s) + o2f[(s) = s260(s)

Equations ($0) and (S1) can be combined to 8ire

0(_) = [sic- s46TDS]-l'T(s)

(46)

(47)

If our interest, from controls

(48)

(49)

(50)

(51)

(52)

14



whore D Is a diagonal matrix given by

II

e i

1

I

s2+2_'2o2s+o _

0

(53)

0 1

s2+2|'Nolqs+ _

In the special case when the coordinate truncation is carried down to a

single modal coordinate, Eq. (52) becomes

-I
I 1

G(s) = s'_2- [le - s281T61 (" s2+2_ ° s+o2)] T(s) (54)

A block diagram representation of this control system is shown in Fig. 3. If

it is further assumed that dynamic response in this single mode

representation influen2es vehicle response about one axis only, and that the

inertia matrix Ie is diagonal, then the dynamics block of Fig. 3 can be

expressed as

I s4 (61a)2 J-X

where a is the single azi s considered.

in the fern

(55)

This expression can eventually be put

s2+2_, 01 s+a_

G(s) = Xa,s 2(s2E_2_101;+°_ )
(56)

- (61) 2 ($7)
where E = 1

In the case of simple gain control,

g(S) "- K (constant) ($8)

and the characteristic equation becomes

s4(la*E ) + 83(21_f101) + s2(la*e_+E) + s(2[_i° I) + [0_ - 0

An examination of the Routhian array for thi= systeA indicates asymptotic

stability for positive IL

15
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II.E

The formulation of equations of motion for the S1_-100 system could be

described as complete. If the connectin8 structure of the system is assumed

to be zi$id, the equations of motion are very simple and decouplod. When the

flexibility of the structure is taken into account, the system is modeled as

• main rijid body with an attached flexible appendaBe, the other risid body

beinj assimilated into the appendase. Furthermore, the appendaje is modeled

as a system of elastically interconnected rijid sub-bodies. The complete

dynamical equations of the system are then composed of the appendajo

equations tojether with the complete vehicle equations. Truncation of these

equations is achieved throush modal analysis of the appendaje equations.

These reduced dynamical equations can then be completed with kinematical and

control equations for the purposes of vehicle motion simulation.

When the basebody contains a perfectly axisymmetric rotatinB or

reciprocating sub-bodyp the effects of the motion of such a rotor are easily

accommodated in the analyses presented because they are decoupled from

flexibility effects.

A preliminary analysis of the control system usinj the extreme example

of sinsle axis response of an appendase represented by a single modal

ooordinatcw with simple 8aim control, reveals asymptotic stability in every

osseo

17



III. TE_IER CONFIGURATION

The SP-100 prosram has two laJOr areas for potential benefit and two

areas of Slallor potential for future utilization of tether technolo|y. The

major aspects of tether technoloay that apply to SP-100 are 1) radiation

attenuation and 2) disturbance isolation. The two ancillary aspects of the

tether tcchnoloty are 1) the ability to pro_ide |ravitational fields and 2)

the adjustment capability for attitude control without the use of

propellants. These benefits viii be discussed further. The concept of

tethers and their applications in space have recently identified potential

applications to both Earth and interplanetary missions. Notably, tethers can

provide unique techniques for scientific measurements. By usins a

constellation of tethered satellites, simultaneous samplins and multiple

measurements of electromasnetic and atmospheric characteristics at

stex_graphic observationse sample retrieval of low altitude atmospheric sasos

of a planet, such as _upiter, or a fly-by comet can be easily accomplished

across multiple locations. Tethers also provide the option of usins less fuel

for maneuvers such as spacecraft insertion, orbit adjust, and science probe

injection towards planets,

Extensive work has been done in the dynamics and control of space

vehicles; however, the addition of lena (in excess of 80 kin) tethers creates

new and unusual aspects to the calculations. The initial efforts by NASA in

the early days of Gemini studied the dynamics and control of short tethers

(order of 100 m) to provide jravity sradient stabilization and spin induced

gravity. These activities were accomplished both in orbit and in

simulations. Rece_ efforts have surfaced with emphasis on the uses of Ions

tethers mainly due to the better understandins of the dynamics pioneered by

Professor Colombo of the $mithsonian Astrophysical Observatory. These

efforts have initiated interest in many universities and laboratories to

bettor understand the simulations. The recent emphasis has centered around

the now missions that have become better understood since the new dynamical

modelins has been discussed in the literature.

18



Currently, NASAis pushing the concepts of tethers that relate to the

Earth resource8 or Earth oriented activities. The new ideas of gravity

gradient induced gravitational forces for manned activities (abo_t .1 g's),

of efree n altitude additions from _8pare w masses provided to the shuttle

orbits, and of scientific measurements in the upper atmosphere from medium

orbits of the orbiters have created much interest in the earth resources and

space sciences community.

Two Joint U.S.-Italian missions scheduled for 1987 and 1988 will

demonstrate the feasibility and benefits of tethered satellite systems

deployed from the shuttle orbiter. _'no tether will be a flexible metallic or

synthetic line, 1-2 nn in diameter and 100 [Jn or more in length, carrying a

total payload mass of $00 IS. Because of the differences in environmental

parameters at the outer planets, (such as gravity and aerodras) the

requirements and characteristics of tethers will vary from the above Earth

oriented missions. Furthermore, current work on tether dynamics and controls

are relatively immature. It is timely now to verify the tether concept for

applications to future planetary, earth resouro®s, and military missions.

Several representatives of the SP-100 project attended the NASA

sponsored Tether Workshop in Williamsburg, Virginia in June 1983. Their

participation in the Tethers Workshop resulted in a better understanding of

the current technology and programmatic paths. The emphasis was related to

Earth oriented activities and rarely investigated the possibilities of

interplanetary activities. A major conclusion from this Tether Workshop was

that the modeling of the dynamics and control of orbiting tethers must be

investigated thoroughly. The current models vary in assumptions, in

structure, and sometimes in conclusions.

The support of SIX-100 conducted a basic reference research effort with

the compiling of many articles and books pertaining to tether systems (see

attached bibliography). _'ne initial assessment of the dynamics and control

of tether satellite systems has shown that there are four potential benefits.

(a) Radiation Attenuation: Figure 4 shows a generic case of a nuclear power

system with the length of the tether varying from 25 meters (baseline)

to $00 motors. This increase in distance (r) decreases the amount of

19



. _(M) : (DES)" : R_IUS-(M) ' AREA _N J.

\ 78.7 78.s
/ 75,3 3.3 _.9

100 68.2 .2.5 19,6

%% 250 q5 1.0 3,1q500 • 26,6 ,5 .79

RAD|ATXON
bOU_ARY

./

/
/ • \

" SHIELD AREA = I_S$

/ A, \ * _'s Fo_500MeTeR;)IAeeTER

• _ _ "SAFE" ZONE

 'NI"
RADIUS .

nI 4t Tethez _4LatLoi Attoml_lr&ol

2O
d



shield a_ea to protect a satellite safety zone by a rate of l/r2. A

tether on the order of l0 km misht render shieldin S totally unnecessary.

(b) Vi'Dration Isolation: A tethe_ system will provide the ability to

attenuate vibrations throush the use of a tether with no (very small)

transmission of shear forces. T'nis provides a protection from vibration

that must be studied to quantify the effe©t.

(c) Gravity Field: The stable tether system will rotate once durin 8 each

orbit. This slow rotation and lonj tether lonsth (moment arm) will

provide a small amount of artificial $ravity throush centrifisual force.

This could have atsntficant safety implications for the reactor.

(d) Attitude Adjustment: By plaoin8 the center of nasa around the

attachment point, fine adjustments can be achieved of the attitude of

the satellite. This can be accomplished with eleotromechanicel devices

instead of costly propellant usage.
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IV. COMMONAL_I_/

Several at_tltud# control constraints and hardwa_ ._ _,ses are cot.son to the

two confIsuratlona. The SP-100 attitude control subsystem has both

temperature and radiatlon constraints. The radiation limit for the Galileo

project which is $ x 10 9 protons/cm 2 and I x 106 neutxons/cm2 with design

margin of 2, was selected for the electronics. Off-the-shelf

electxonechanlcal devices such as resolvexa reaction wheels, gyros and motors

have a limit of 250 to 500 kxads due to lubrication and insulation breakdown.

These electromotive devices can be designed for even higher radiation levels.

Presently, sun sensors can tolerate up to 1$0 krad8, however, star sensors

are not radiation hardened and therefore present a problem. Earth sensors

radiation hardened to greater than 500 krad are currently available.

When the reactor is opexatlomal the radiator temperature nay be as hlsh

as 900 ° K. When the reactor is shut down, the electronics will need heaters,

The electronics temperature range which has been selected for nov is the same

as for the Galileo Project which is from 273 ° to 328 ° r with qualification

limits at 253 ° to $48oK.

The extreme temperature range leads to consideration of heaters and

insulation for the propulsion system. The Jet Propulsion Laboratory's limits

for _ydcazine with Shell 405 catalyst are from 275 ° K to 322 ° K, although an

upper limit 340°£ is possible. This yields an Isp of 233 seconds at 300 psai

for an expansion ratio of $0. To prevent propellant line freezing, line

heaters are required. Viking and Galileo Projects selected dtnitrogen

tetroxide (I_0) and monomethyl hydrazine O/MR) which has a temperature range

from 221o K to 361o K with an Isp of 349 seconds at 140 psia for an expansion

ratio of 40. Unfortunately, un_urned NTO and MNH leaves solid particle

residue. Clcrine pentafloride (CPF) and }4HH has a temperature ranse from 221 °

K to 3380 I_ with an Isp of 363 seconds at 150 psia for an expansion ratio of

40. For a lower freezing point with )fixed Hydrazine Fuel 3 (NHF-3) which has

a ranse from 208 ° ][ to 338 ° K and an Isp of 342.1 seconds at 150 psia and an

expansion ratio of 40. CPF has a higher Isp, higher density, lower freezing

point (170 ° K), higher combustion efficiency and lower plume contamination

then Hydrazine or N_) and MMIL The CPF technology is widely available and it
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has been burned in test bed ensines at the Air Force Rocket Prop_lsion

Laboratory. Rocketdyne, AeroJet General, Thiokol Reaction Motor8, TRW, and the

_et Propulsion Laboratory. While CPF is corrosive, it has been stored for up

to ten years safely. Therefore CPF with MMH or MHF-3 has been recommended for

SP-100.

The potential of propellant line freezins combined with the propellant

line deployment has led to the decision that each subsatellite, whether

deployed by a beam or tether, should have its own set of propellant tanks and

lines with one attitude control system for the thrusters.

To reduce £ho hish temperature and hijh radiation impacts on the user's

subsystem the user wilJ be remote from the reactors. This led to the beam and

tether confisurations, both of which require various sensors and actuators to

handle the attitude control considerations.

Since large amounts of electrical power are available, attitude control

should emphasize reaction wheels, control moment gyros, maBnetic torquors,

rather than thrusters as primary devices. Table 1 shows the possible primary

effectors and sensors for various mission orbits and trajectories. Masnetic

torquers and gravity sradient are viable contenders for the primary system

only in low planetary orbits. The exact choice of effectors and sensors

depends on mission requirements and further investisation of the SP-100 desijn.

TABLE 1: Control Iuplementatton

THRUSTERS X

GRAVITY GRADIF.,,_T X

MAGNETIC TORQUERS l

CON]_OL MOMENTGYRO X

REACTION WHEEL I

MOtfF.,NTUMWHEN.. X

SUN S_NSOR X

STAR SENSOR X

EARlll SI_SOR X

HIGHLY

LOWORBIT HIGH ORBIT Ig.,LIPTICAL ORBIT

X X

XNTERPLANETARY

X

X X X

X X X

X X X

X X X

X X •

X X X
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¥. (X)HCLUSION

The deploy•hi• beam configuration uses an off-the-.shelf item with • 20:1

expansion _atio. Thus a 24 meter beam uses slightly more than one meter of

shuttle cargo bay length. The dynamics •re well understood, although the

power and AACS cable deployment with the beam is a concez_. This Is • seed

conservative •ppgoaoh for today.

Tethers offog • low radiation user environment and vibration isolation

There &re many advantages for applications of tethers which are harder to

achieve with the heal configuration: radiation isolation, artificial

gravity, and vibration isolation are three. While tether matertsIs and

fabrication uced8 further study, this i8 a good approach for future space

power applications. Tethers should not be proposed as the baseline system at

the present time; however, the study effort should continue to insure that

the benefits could be incorporated if they fulfill their potential.

The attitude control pathfinder study is a good start, but without

adequate mission requirements or tools, the design options cannot be fully

assessed. Therefore, the following is recommended:

In ths beam dynamics area, the dynamics model should be put into •

computer simulation. Further, modeling and subsequent incorporation into the

simulation program is required to quantify:

1. the effects of fluid motion in the basebody on the dynamic behavior of

the system;

2. the effects of rotating or reciprocating machinery in the base body,

particularly when the got_ting body is non-axisvmmet_ic. This may lead

to a strong coupling between the motion of the rotor and appendage

defornations,

The controls work presented in this report is very preliminary in the

sense that the final results were restricted to a single mode representation

and a single axis control. A generalization to several modes and thgee axes

control i8 needed. Furthermore, • decision on the exact location of sensors

and offoctog8 in the light of the existing constraints still, has to be made;

and this will have an 4.mpact on the final form of the control equations.
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In the tether ares. us inS the extensive bibliosrsphy, tether dynanics

and controls should be lnyestisated fnrther at 7PL vith an eye tovard

application to the uzt senerstion SP-IO0.
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